ABSTRACT: Na-ion batteries (NIBs) have attracted great attention for scalable electrical energy storage considering the abundance and wide availability of Na resources. However, it remains elusive whether carbon anodes can achieve the similar scale of successes in Na-ion batteries as in Li-ion batteries. Currently, much attention is focused on hard carbon while soft carbon is generally considered a poor choice. In this study, we discover that soft carbon can be a high-rate anode in NIBs if the preparation conditions are carefully chosen. Furthermore, we discover that the turbostratic lattice of soft carbon is electrochemically expandable, where d-spacing rises from 3.6 to 4.2 Å. Such a scale of lattice expansion only due to the Na-ion insertion was not known for carbon materials. It is further learned that portions of such lattice expansion are highly reversible, resulting in excellent cycling performance. Moreover, soft carbon delivers a good capacity at potentials above 0.2 V, which enables an intrinsically dendrite-free anode for NIBs.
■ INTRODUCTION
Electrical energy storage (EES) technologies are instrumental to not only store clean energy from renewable energy sources and reduce the dependence on depleting fossil fuels but also significantly decrease the emission of greenhouse gases. 1−3 Among different EES technologies, Li-ion batteries (LIBs) have remained the choice for portable electronic devices and some electric vehicles (EVs) due to the high energy/power density and long cycle life. 4−8 However, concerns of large-scale deployment of LIBs arise due to the rarity and geographically uneven distribution of Li resources, which triggers increasing attention to an important alternative of LIBs: Na-ion batteries (NIBs). 9−16 Based on similar alkali metal chemistries as in LIBs, NIBs show the promise to emerge as a grid-level EES solution. This has to do with the sustainability advantage originated from the low cost, abundance, and wide availability of Na resources. 17−19 The challenges associated with NIBs typically come from the facts that Na ions are much larger than Li ions and Na has unique lattice energy and desolvation energy, which forbids the extension of rich knowledge of LIBs to NIBs. This is particularly true for the anode. 20−26 Graphite, the most practical choice for LIBs, exhibits an extremely low capacity for NIBs, corresponding to NaC 64 . 27, 28 Among various anode candidates, hard carbon anodes have attracted most attention for NIBs due to high capacity and relatively high first-cycle coulombic efficiency (1st cycle CE). 29−33 However, about 60% of the capacity from hard carbon is contributed by sodiation below 0.2 V vs Na + /Na ( Figure S1 ). 34 This low potential plateau makes hard carbon energetically favorable as an anode but causes a safety concern of Na dendrite formation when high current densities are used.
Furthermore, the tortuous atomic structure of hard carbon suffers low electronic and ionic conductivity, which leads to a relatively poor rate capability. In contrast to the nongraphitizable hard carbon, soft carbon represents the graphitizable nongraphitic carbon with a higher electronic conductivity, whose graphitization degrees and interlayer distance can be tuned by a thermal treatment. 35 The pioneering study by Doeff et al. demonstrated that reversible sodiation of a petroleum coke soft carbon results in the formation of NaC 24 by delivering a capacity of ∼90 mAh/g. 36 The subsequent studies investigated other soft carbons, such as pitch-derived soft carbon, 31 carbon black, 37 and mesitylene-derived spherical carbon. 38 Most recently, it was reported that heteroatom-doped partially carbonized aromatic hydrocarbons exhibit high capacity values, i.e., above 300 mAh/g, for storing Na ions. 39, 40 Nevertheless, despite the intriguing performance of these doped materials, the full performance potential of soft carbons has not been explored and well understood. It is also a practically relevant issue that more than 50% of the desodiation capacities of these doped materials are contributed from potentials higher than 1.0 V vs Na + /Na, which limits the energy density if such materials are used in full cells. Therefore, caution is needed when comparing different carbon-based materials, where one should not compare capacity values without considering the operating potentials.
It is important to obtain fundamental understanding for the soft carbon anodes in NIBs, where a relatively pure carbon is focused. Herein, we report on the empirical correlation between the interlayer distance of pure soft carbon and its corresponding Na-ion storage properties, i.e., specific capacity as the figure of merit. A model soft carbon is synthesized by pyrolysis of 3,4,9,10-perylene-tetracarboxylic acid-dianhydride (PTCDA, C 24 H 8 O 6 ), which comprises a perylene aromatic core and two anhydride groups, as shown in Figure 1a . Our group has recently investigated PTCDA as a Na-ion storage electrode, which exhibits a high reversibility. 41 The ordered stacking of planar aromatic molecules of PTCDA in the β-form crystalline structure with the monoclinic P2 1 /c space group ( Figure S2 ) facilitates PTCDA as an ideal precursor to prepare graphitizable soft carbon. 42−44 By using different pyrolysis temperatures, we are able to finely tune the interlayer distance between graphene sheets in the resulting soft carbons. When evaluated as NIB anodes, soft carbons with different interlayer distance exhibit vastly different performance. We, for the first time, identify that Na ions do intercalate in between the turbostratic graphene layers in the PTCDA-derived soft carbons with high capacities in the first sodiation, evidenced by a dramatic gallery expansion from ∼3.6 Å to ∼4.2 Å. Interestingly, such a large-scale expansion is partially reversible in the following cycles. Particularly, C-900 exhibits one of the best rate capability performances of 114 mAh/g at 1000 mA/g for carbon NIB anodes and stable cycling performance.
■ RESULTS AND DISCUSSION
In order to learn the threshold pyrolysis temperature to form soft carbon, we first conducted thermogravimetric analysis (TGA) coupled with mass spectrometry (MS) on the pyrolysis of PTCDA under argon. The selected gaseous species, including H 2 O, H 2 , CO 2 , and CO, are monitored simultaneously. As shown in Figure S3 , PTCDA loses ∼50% of the mass from 500 to 620°C where CO and CO 2 peaks are observed in the MS plot, indicative of the removal of anhydride groups. H 2 signal is detected only at above ∼620°C and reaches its peak relative pressure around 720°C, suggesting the occurrence of dehydrogenation process of the aromatic carbon rings. According to the TG−MS result, we prepared a series of soft carbons by annealing PTCDA under argon at different temperatures of 700, 900, 1100, and 1600°C. When PTCDA is heated at T°C, the obtained soft carbon is referred to as C-T (Table 1) .
X-ray diffraction (XRD) patterns are collected to provide crystallinity information on the PTCDA-derived soft carbons. After pyrolysis under Ar, the long-range order of the PTCDA's crystalline structure is transformed to two broad XRD peaks of soft carbon at 2θ near 25.0°and 43.0°, indexed to (002) and (101) planes, respectively ( Figure 1b ). Upon increased pyrolysis temperature, the (002) peak clearly shifts to a larger angle corresponding to a smaller interlayer distance. As listed in Table 1 , the interlayer distance narrows down from 3.62 Å for C-700 to 3.56 Å, 3.53 Å, and 3.46 Å for C-900, C-1100, and C-1600, respectively. We also calculated an empirical R value based on the ratio of the intensity at the (002) peak and the background at the equivalent peak, according to Dahn et al.'s previous study. 45 A larger R value indicates a higher degree of Figure S4 . As listed in Table 1 , hard carbon formed by pyrolysis of sucrose at 1100°C exhibits an R value of only 1.35 while the R value is 1.94 for C-700 formed at 700°C. By increasing the pyrolysis temperature, R values increase to 2.67 for C-900, 4.47 for C-1100, and 10.94 for C-1600, confirming the graphitizable nature of the PTCDAderived soft carbons. The domain size along the c-axis of a graphitic structure can be further calculated by the Scherrer equation, where there are, on average, 3.8, 4.8, 6.2, and 13.8 layers of graphene sheets in the domains of C-700, C-900, C-1100, and C-1600 (Table 1) . Please see calculation details in the Supporting Information, Figure S5 , and Table S2 . Overall, the XRD results suggest that both interlayer distance and graphitic domain size of the PTCDA-derived soft carbons can be adjusted by using different pyrolysis temperatures. We further "look at" the atomistic structures of these soft carbons by transmission electron microscopy (TEM). Figure  1d ,e show high-resolution TEM (HRTEM) images of C-900 and C-1100, respectively. Both samples comprise turbostratic domains that exhibit a good degree of short-range order. The diffraction rings in the selected area electron diffraction (SAED) of C-900 (Figure 1c ) suggest the existence of polycrystalline graphitic structures. However, when the pyrolysis temperature rises to 1600°C, an ordered graphitic structure appears with well-resolved lattice fringes and large graphitic crystals in C-1600 (Figure 1f) . Supported by the XRD and TEM results, it is clear that the PTCDA-derived soft carbons are graphitizable and, therefore, can serve as a model of soft carbon. Moreover, scanning electron microscopy (SEM) observation provides further morphological information for PTCDA and its derived carbon products. Revealed in our previous study, PTCDA exhibits a rodlike morphology with about 1 μm length and 200 nm width ( Figure S6a) . 41 After pyrolysis, the resulting carbons also exhibit rodlike morphology but with much larger sizes ( Figure S6 ). Such bulk morphologies result in a relatively low surface area.
We then studied the Na-ion storage properties of obtained soft carbons in coin cells with soft carbon-based working electrodes, sodium foil as the counter/reference electrode, and an electrolyte containing 1.0 M NaPF 6 solution in ethylene carbon (EC)/diethyl carbonate (DEC) (1:1 in volume). The working electrodes are composed of soft carbon (80 wt %), carbon black (10 wt %), and polyvinylidene fluoride (PVdF, 10 wt %) binder. The specific capacity is calculated based on the total mass of soft carbon and carbon black. Galvanostatic sodiation/desodiation cycling at 20 mA/g is first performed in 0.01−2 V vs Na + /Na. As Figure 2a shows, the specific capacity gradually decreases from C-700 to C-1600. C-700 exhibits the first sodiation capacity of 371 mAh/g and desodiation capacity of 233 mAh/g in contrast to 188 mAh/g and 89 mAh/g for C-1600.
All soft carbon exhibits relatively low 1st cycle CE of 62.6%, 67.6%, 60.5%, and 47.5% for C-700, C-900, C-1100, and C-1600, respectively ( Table 1) . The low 1st cycle CE values indicate that a large portion of Na ions are immobilized with the soft carbons, either on the surface or inside the bulk phases. If on the surface, it is attributed to the formation of solid electrolyte interphase (SEI) that is proportional to the specific surface area as we observed for hard carbon. Larger surface areas often result in lower 1st cycle CE values and low capacities. 46 However, the specific surface area of all these soft carbons is lower than 33 m 2 /g, in contrast to that of a typical hard carbon, i.e., >100 m 2 /g (Table 1 and Figure S7 ). Interestingly, the 1st cycle CE values of these soft carbons are clearly lower than those of hard carbons that exhibit higher surface areas. We then look at the hydrogen content in these soft carbons, where it is already very low for C-700 (Table 1) and thus the hydrogen residues should not be responsible for the low 1st cycle CE values. If Na ions are not trapped on surface by forming SEI, we can only hypothesize that these Na ions are irreversibly trapped inside the soft carbon graphitic galleries.
In order to bring insights to the sodiation/desodiation mechanism in soft carbons, we conducted air-free ex situ XRD on C-900 at different stage of charge (SOC) during sodiation/ desodiation cycling. As shown in Figure 3a , after sodiation at 20 mA/g from open circuit voltage (OCV) to 0.2 V, the XRD (002) peak splits and a part of it shifts from ∼25.0°to ∼21.0°w ith a bump remaining at 25°. The new peak at ∼21.0°is indicative of the structure expansion of the soft carbon structure upon sodiation. With further sodiation to 0.01 V, the (002) peak completely shifts to ∼21.0°, indicating a full expansion of the interlayer spacing from 3.56 to 4.22 Å. After the first desodiation to 2.0 V, interestingly, the (002) peak splits with some peak intensity restored at ∼25.0° (Figure 3a) . Importantly, as revealed in the second and fifth cycles, the attenuating and restoring of the peak intensity at ∼25.0°is highly reversible during sodiation/desodiation cycles. To our knowledge, this is the largest "breathing" scale ever known for a carbon material during electrochemical insertion/extraction of Na ions without solvent cointercalation. Note that the peak at ∼21.0°formed after the first sodiation remains in existence in the following cycles, which indicates that parts of the soft carbon structure keep expanding with Na ions trapped in the structure. This supports our hypothesis in terms of the low 1st cycle CE. To further probe the structure transition of the soft carbon after the first sodiation, we conducted ex situ TEM on C-900 before and after sodiation to 0.01 V at 20 mA/g. Indeed, the interlayer distance of C-900 increases from ∼3.6 to ∼4.2 Å after the first sodiation, as shown in Figure 3b , which is well consistent with the ex situ XRD results. We are aware that the interlayer spacing of this electrochemically expanded soft carbon resembles that of recently reported expanded graphite (4.3 Å) reduced from graphite oxide. 47 We anticipate that such expanded structure would facilitate the fast sodiation/ desodiation process and thus lead to a superior rate performance (Figure 3c ). The rate and cycling performance will be discussed in later sections.
Another fundamental question is why there is a vast difference of capacities in between different soft carbons, e.g., 197 mAh/g for C-900 vs 89 mAh/g for C-1600. To explain this phenomenon, we also conducted ex situ XRD measurements on the C-1600 electrode upon sodiation/desodiation cycles, and found that the interlayer spacing of C-1600 is only slightly expanded upon sodiation from 3.46 to 3.52 Å ( Figure S8 ). The small degree of expansion causes a lack of sufficient space for Na-ion storage, which explains the low capacity of C-1600. It appears that it is difficult to expand the soft carbon structures to a large degree when the interlayer distance is sufficiently small. With an interlayer distance as small as 3.56 Å in C-900, reversible insertion of Na ions takes place with a good desodiation capacity of 197 mAh/g; however, when the interlayer distance decreases to 3.53 Å for C-1100, the capacity drops over a cliff to 116 mAh/g. Such a significant capacity disparity between the two samples is remarkable, indicating that there might be a threshold value of interlayer distance below which the Na ion insertion becomes very difficult (Figure 2b) .
We are also interested in the rate capability of the soft carbons evaluated at various current densities in the potential range of 0.01−2 V. As shown in Figure 4a , C-700 shows highest desodiation capacity at a current density no higher than 100 mA/g. However, when the current density is 200 mA/g or above, C-700 suffers poor capacity retention, which may be due to the poor degree of carbonization. C-900 exhibits impressive performance at higher current densities, which delivers a desodiation capacity of ∼114 mAh/g at 1000 mA/g. Please note that the capacity retention upon high current densities of C-1100 and C-1600 is good as well; however, their capacities are much lower than that of C-900. This should be attributed to their smaller interlayer distances and/or more graphitic structures. Furthermore, C-900 also delivers a stable cycling life for 300 cycles with little fading (20 mA/g for 10 cycles, 200 mA/g for 50 cycles, and then 1000 mA/g for 240 cycles, Figure  4b) . Overall, C-900 shows an optimized Na-ion storage performance including relatively high capacity, acceptable 1st cycle CE, superior rate capability, and great cycling performance, which reveals a very promising NIB anode.
In order to understand the kinetics of Na ion storage in the PTCDA-derived soft carbon, measurements of the galvanostatic intermittent titration technique (GITT) are carried out. GITT on the C-900 electrode is conducted with pulse current at 20 mA/g for 30 min between rest intervals for 60 min. According to Fick's second law of diffusion, the diffusivity of sodium (D Na + ) can be estimated based on the following equation:
where τ is the pulse duration, m B and M B are the carbon active mass and molar mass of carbon, V M is the molar volume, and S is the active surface area of the C-900 electrode. ΔE s and ΔE t can be obtained from the GITT curves (Figures 4c and 4e ). As shown in Figure 4d , Na + diffusivity reaches an order of 10 −14 cm 2 /s, where it gradually decreases upon further sodiation. In the desodiation process (Figure 4f ), the diffusivity drops fast at the beginning before it gradually decreases further in a higher potential range of 0.2−0.8 V. We are currently pursuing computational methods to further understand the trend of diffusivity as a function of state of charge for soft carbon.
As discussed before, different from hard carbon, soft carbons do not exhibit a flat potential plateau near 0.0 V vs Na + /Na, which potentially enables a dendrite-free anode for NIBs if the lower cutoff potential is chosen to be moved up. To further explore this point, we increase the lower cutoff potential from 0.01 to 0.2 V vs Na + /Na for evaluating C-900. As shown in Figure 5a , the first sodiation/desodiation capacities reach 172.0/115.1 mAh/g at 20 mA/g, giving rise to the 1st cycle CE of 66.9%, which is very similar to the case in the potential window from 0.01 to 2 V. C-900 exhibits an excellent rate performance in this potential window as well, which delivers a desodiation capacity of 72 mAh/g at a high current density of 1000 mA/g (Figure 5b ). Also importantly, in this voltage window, C-900 shows a stable cycling performance as well ( Figure S9 ).
To further explore using 0.2 V as the cutoff potential for soft carbon, we conduct cyclic voltammetry (CV) measurements on C-900 and compare the result with a typical hard carbon. It is evident that a major cathodic sodiation reaction occurs on soft carbon above 0.2 V while sodiation of hard carbon mainly happens below 0.2 V ( Figure S10) . 30, 31, 51 We also measure the CV of C-900 in the potential window of 0.2−2.0 V, where reversible sodiation/desodiation reactions are also observed. To further demonstrate that 0.2 V is far above from the plating potential, we conduct deep sodiation, where Na starts to plate on soft carbon surface at −0.035 V vs Na + /Na ( Figure S11) . A further point we raise is that soft carbon exhibits a large portion of its capacity above 0.2 V, which is a clear advantage over hard carbons because the latter has more than 50% of its capacity from the plateau region near 0 V.
■ CONCLUSION
In summary, this work demonstrates that soft carbon can be competitive to hard carbon if a suitable precursor is chosen and treated at selected conditions. Previously, only hard carbon had been known for its good capacities in NIBs. To identify alternative carbons as NIB anodes is of great fundamental and practical values for the field of NIBs. Furthermore, we discover that there is a subtle correlation between the capacities of soft carbons and the interlayer spacing, where a narrower interlayer spacing is found linked to a lower capacity. For the first time, we identify that the interlayer distance of soft carbon is electrochemically expandable, i.e., from 3.6 Å to ∼4.2 Å after the first sodiation. As revealed by ex situ XRD patterns, parts of this expansion are irreversible, which rationalizes the low 1st cycle coulombic efficiency. On the other hand, parts of the expansion are reversible, which explains the high capacity and excellent cycling performance. Among different samples, C-900 with an interlayer distance of 3.56 Å exhibits an optimal overall performance with a high reversible capacity, superior rate capability, and stable cycling performance. Moreover, C-900 can be a safer carbon anode for NIBs, which delivers great performance in the potential range of 0.2−2.0 V as well. Our results provide insights on future studies of soft carbon as potential high-rate anode materials in NIBs.
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